The DEMON® Anammox-based treatment process was selected for treatment of dewatering centrate at the Pierce County Chambers Creek Regional Wastewater Treatment Plant as part of an overall nitrogen removal strategy being implemented within a $350M facility expansion. A four month pilot investigation was conducted in the summer of 2011, which successfully met its performance targets of 85 percent ammonia removal, and 75 percent total inorganic nitrogen (TIN) removal, both demonstrated over a 30 day period, confirming the process selection. During the pilot investigation and follow up analyses, a number of design criteria were developed for full scale implementation. These include a gravity settling basin for centrate solids removal with both settled sludge and floating sludge removal systems, a hydrocyclone discharge apparatus with full-flow capacity (250 m 3 /hour) to mitigate settleability concerns, a supplemental alkalinity system to be used for tuning system performance, and micronutrient addition facilities.
INTRODUCTION
DEMON® is a deammonification process which promotes the development of a granular community of Anammox bacteria. The process uses a sequencing batch reaction (SBR) which alternates between aerated and unaerated steps, with aeration control linked to the pH of the reactor (Wett, 2007; Wett et al, 2007) . Physical enrichment of the Anammox granules is provided through the use of a hydrocyclone (Wett et al, 2010) .
This process was selected for implementation at the Pierce County Chambers Creek Regional Wastewater Treatment Plant (Plant) for treatment of dewatering centrate. Plant centrate is rich in ammonia (typical concentration of 1,750 mg/L), and represents 25 percent of the typical nitrogen load to the secondary biological process. A business case evaluation which considered life cycle costs estimated that implementation of an Anammox-based treatment process for dewatering centrate could save the County up to seven million dollars over the next twenty-five years. The savings included a 15 ML reduction in the size of new aeration basins, and $0.41M/year in reduced operating costs, primarily related to reduction of carbon supplementation and lower aeration requirements resulting from halting the nitrification process at nitrite.
During the summer of 2011, a pilot investigation was conducted, where an average of 1,500 L/d of Plant centrate was directed to a 6,000 L DEMON® reactor. The pilot reactor, although beset with a number of unforeseen issues, exhibited very stable and reliable performance . Over a four month period, the reactor achieved consistent removal of 75-85 percent of ammonia-nitrogen (NH 3 -N) and 70-80 percent of total inorganic nitrogen (TIN) (Figure 1 ).
Figure 1. Pilot plant performance with 7-day moving averages
The performance, stability, and relative ease of operation of the system encouraged the County to proceed with design of a full scale system, currently scheduled to be commissioned in 2016. The system will be installed in one of the Plant's existing aeration basins (scheduled to be decommissioned as part of the facility expansion). The existing basin is designed to accommodate 6.4 m of depth, with a total volume of 3.5 ML. The basin will be subdivided into five compartments. A process flow schematic and three-dimensional representation are presented on Figure 2 .
Figure 2. Process flow schematic and three-dimensional representation
The purpose of this paper is to discuss some of the specific design considerations and criteria that developed from the pilot investigation and follow-up work, with a particular focus on lessons learned, and differences between existing European facilities and this design.
CENTRATE PRETREATMENT
The Plant's centrate ranges between 500 -5,000 mg/L of total suspended solids (TSS), with an average of approximately 1,500 mg/L. The Plant produces commercial grade fertilizer in a thermal dryer, and fertilizer composition, rather than centrate quality, dictates dewatering polymer operation. The presence of high solids in the centrate poses certain risks to the DEMON® process.
First, a high solids loading will result in a high MLSS concentration in the DEMON® reactor. Reactor MLSS is the sum of suspended solids in the bulk liquid, and the Anammox granules (which contain both Anammox bacteria and ammonia oxidizing bacteria). A high TSS in the centrate feed will make the reactor MLSS less specific to the granules, and will complicate inventory maintenance.
Second, centrate solids often contain cellular debris and residual polymer. These substances can coat equipment and instruments within the reactor, increasing maintenance demands and compromising operational control of the SBR.
Finally, polymer residue in the centrate, when aerated, can lead to the accumulation of floating solids in the reactor. Floating Anammox granules (depicted on Figure 3 , from the 2011 pilot investigation) can lead to loss of Anammox bacteria and shut down the DEMON® process. As depicted on Figure 3 , a combination of poor settling and floating granules resulted in a loss of a portion of the Anammox population in the reactor during the pilot investigation. The population loss resulted in overloading, which resulted in an episode of nitrite inhibition. To help mitigate poor settleability and the issues related to feed solids loading, a centrate pretreatment system will be included in the full scale design.
A number of alternatives were evaluated for centrate solids removal. These included gravity settling basins, dissolved air flotation (DAF), lamella clarifiers, and gravity belt thickeners. The alternatives were compared using a business case evaluation which considered capital costs, annual operating and maintenance costs, equipment replacement, and risks.
Gravity settling basins had the lowest capital costs of the alternatives under consideration ($450,000), and the lowest annual operating costs ($16,000--mostly for routine maintenance). Packaged systems such as the DAF and lamella clarifiers offered simple solutions likely to achieve better performance than gravity settling basins, but were associated with high capital and operating costs which made them non-competitive in the business case evaluation. Gravity settling was favored by approximately $500,000 in life cycle costs versus the DAF or lamella clarifier alternatives.
A series of tests was conducted to understand centrate settling characteristics. A 200 cm tall column of 15 cm diameter was filled with Plant centrate, and allowed to settle for varying amounts of time. Figure 4 shows a column after 140 minutes of settling.
Figure 4. Centrate settling test results following 140 minutes of settling
The column tests demonstrate the accumulation of solids at both the top and bottom of the column. Settled solids averaged approximately 1.2 percent, while floating solids were estimated to average between 1-2 percent. The middle of column typically equilibrated to a TSS concentration between 500 and 1,000 mg/L, and was opaque with a light brown color.
Settling occurred gradually, taking between 30-60 minutes to reach the maximum settled sludge volume ( Figure 5 ). Settleability varied considerably from one day to the next. The March 1, 2012 sample indicated on Figure 5 was taken shortly after startup of the centrifuge, and settleability was very poor.
Figure 5. Settled sludge volume versus time in a 200 cm tall column
The settling tests indicated that gravity settling could be an effective means of removing solids from the centrate. Settled sludge collection could remove a large portion (over 50 percent) of the TSS under most conditions, and a floating solids removal mechanism could remove excess dewatering polymer and associated solids from the surface of a tank. While the remaining centrate would have a relatively high TSS concentration (500 -1,000 mg/L), these residual solids would not include the cellular debris and polymer implicated in instrument and equipment fouling.
Based upon the settling test results, a design surface overflow rate of 0.8 m/hr at the peak hydraulic loading rate was selected. At 6.4-m depth, the settling basin will have a volume of 318,000 L, and a hydraulic residence time of 14 hours under average conditions, and 7 hours under peak hydraulic loading conditions. The basin will have chain and flight solids removal systems, with the settled sludge moving to a collection trench, and the floating solids pushed towards a helical skimmer removal mechanism.
ALTERNATIVE DISCHARGE
The DEMON® sequencing batch reactor relies upon sedimentation and retention of the Anammox-carrying granules. A floating decanter is typically used to discharge effluent after a period of sedimentation. Because the Anammox bacteria are located on granules, gravity sedimentation and supernatant decanting are typically effective means of retaining the Anammox population during discharge.
During the pilot investigation, effluent decanting was hampered by poor settleability, with resulting wasting of granules. Never encountered on this scale in any of the full scale European installations, the poor settleability is thought to be related to a number of factors, including denitrification in the reactor during sedimentation (caused by relatively high soluble COD content in the feed), high abundance of Zoogloea (likely caused by nutrient deficiency), and inadequate centrate pretreatment (solids removal).
Regardless of cause, poor settleability is a risk which requires mitigation. During the pilot investigation, gravity decanting was discontinued, and the enrichment hydrocyclone was used for effluent discharge. The hydrocyclone apparatus, as discussed in Wett et al. (2010) and shown on Figure 6 , physically separates the dense Anammox granules from the bulk mixed liquor.
Figure 6. Hydrocyclone apparatus
During the pilot investigation, the hydrocyclones were measured to retain over 95 percent of Anammox granules. Granule loss was countered by growth, and hydrocyclone discharge allowed the annamox community to expand during the last three months of the pilot investigation, with a resulting increase in the allowable ammonia loading rate to the reactor (Figure 7 ).
Methods per Williams et al. (2012) Figure 7. Growth of Anammox population during 2011 pilot investigation
For full scale design, the reactors will be equipped with two sets of hydrocyclones. A smaller set will be used for enrichment, while a larger set will be used as an alternative means of discharge. The discharge hydrocyclones will have a capacity equal to the hydraulic loading capacity of the DEMON® reactors. Figure 8 depicts the effluent discharge processes in one of the planned reactors. When settleablity is good, the floating decanter will be used to discharge effluent, and the enrichment hydrocyclones will be used to waste non-Anammox bulk solids. When settleability is poor, the floating decanter will not be used, and the discharge hydrocyclones will be used to generate effluent.
Figure 8. Hydrocyclone arrangement MICRONUTRIENT ADDITION
Approximately one month into the pilot investigation, a Zoogloeal population developed in high abundance within the DEMON® reactor. The Zoogloeal bacteria may have contributed to the poor settleability exhibited throughout the pilot investigation. Zoogloeal outbreaks are often associated with micronutrient deficiencies, and when the pilot reactor was screened, several possible deficiencies were noted (Table 1) . Based upon the screening results, a micronutrient supplement was added to the pilot reactor, and Zoogloeal abundance decreased sharply over the next two weeks. Figure 9 summarizes the course of the Zoogloeal outbreak in the pilot reactor.
Figure 9. TSS removal via sedimentation and hydrocyclone discharge, with microscopic assessments of Zoogloeal abundance
The plot shows TSS removal, which compares the MLSS in the reactor and the TSS in the effluent discharge, and is an indicator of settleability. Settleability (as measured by TSS removal) began to improve prior to micronutrient supplementation, so no direct link between poor settleability and micronutrient deficiency was established. However, the results of the reactor screening suggest that micronutrient supplementation would be a prudent design feature. Given the amount of supplement required to establish acceptable concentrations, micronutrient addition represents a small annual cost (less than $500 per year).
The full scale design will include micronutrient supplementation in the reactor feed pipeline. The supplement will be stored in a 208 L drum and applied via a peristaltic metering pump.
ALKALINITY SUPPLEMENTATION
The Anammox bacteria convert ammonia and nitrite to nitrogen gas via the following reaction:
This reaction is largely neutral in terms of alkalinity. However, nitrite must first be generated by ammonia oxidizing bacteria via the following equation:
This reaction produces acid, which causes the overall process to generate acid. The DEMON® process relies upon a control mechanism which monitors the pH of the reactor to control aeration ( Figure 10 ). When the reactor is aerated, ammonia is converted to nitrite, acid is produced, and the pH of the reactor decreases. When the reactor is filled with ammonia-rich centrate, the pH increases. During the anaerobic mixing phase, the reactor pH remains largely constant as the Anammox reaction consumed ammonia and nitrite. When the centrate has sufficient alkalinity to offset the net acid release of the process, the reactor pH can be maintained within a narrow (less than 0.02 standard units) band, and the process is controlled by time setpoints.
Figure 10. DEMON® cycle detail
When the centrate alkalinity is not sufficient to offset the acid release of the process, the reactor pH will gradually decrease. In order to prevent acid-related inhibition of the Anammox bacteria, a low pH setpoint is used (the setpoint was 6.5 during the pilot investigation). Whenever the pH in the reactor decreases below the setpoint, the time settings are overridden, and aeration is halted. In a system with insufficient alkalinity, the process will operate at the setpoint, and will repeatedly trigger the pH override during aeration. As a result, the total aeration time is decreased, less ammonia is oxidized, and more ammonia is discharged with the effluent. This results in decreased ammonia and nitrogen removal performance. Figure 11 plots the ammonia removal versus the feed alkalinity during the pilot investigation. During a brief alkalinity supplementation trial at the end of the study, ammonia removal was increased over 99 percent, with a feed alkalinity to ammonia-nitrogen ratio over 4 mg N/mg CaCO 3 . Figure 11 . Relationship between feed alkalinity and ammonia removal during the pilot investigation (7 day average values)
The alkalinity supplementation trial was notable for the rapid response of the system to the supplement. Alkalinity was added to a large (22,700 L) centrate holding tank used to meter feed into the reactor. As soon as the supplement was added, the system began to respond, with increased pH, and cessation of cycle overrides to limit aeration. Over a six day period, the ammonia removal increased from 79 to 85 to 89 to 92 to 98 and finally to 99.8 percent ( Figure  12 ), with much of the lag caused by incremental adjustments of the cycle time steps by the operations team.
The alkalinity supplementation trial suggested that system performance could be effectively dialed-in through supplementation. While ammonia removal of 99 percent appears achievable, the question is whether it is economically practical. For a plant with an average of 40 mg N/L of ammonia in its secondary influent, where the centrate accounts for 25 percent of the total (10 mg N/L), the difference between a system achieving 80 percent and 99 percent removal is small (2 mg N/L). The marginal benefit in terms of reduced methanol demands does not offset the cost of continuous alkalinity supplementation.
Figure 12. Alkalinity supplementation trial
However, the ability to tune performance on-demand is attractive , given the need to meet weekly and/or monthly average effluent regulations. A supplemental alkalinity system can be an effective tool to influence average performance and offset the impacts of random excursions due to slug loads or other unforeseen problems resulting in an elevated discharge concentration.
The full scale design will include provision for a supplemental alkalinity facility, which will feed into the centrate equalization basin.
SUMMARY
The 2011 pilot investigation, while successfully demonstrating the stability, performance, and ease of operation of the DEMON® process, also revealed a number of previously unknown design considerations. Some of these, such as those related to poor settleability, had not been encountered in the existing European facilities. Others, such as the impact of alkalinity, were not well-understood. Based on the results of the pilot investigation, the design has incorporated a number of lessons learned which will reduce the risks associated with this technology to the County.
